Abstract
Introduction 7
The deterministic method for nuclear fission reactors calculations has played important roles in the field 8 of nuclear engineering, and is expected to do that also in future. One of the most important subjects 9 in the deterministic method is how to accurately calculate energy-averaged cross sections, which are used 10 in neutron transport (or diffusion) calculations for a single assembly, a multi-assembly or a whole reactor developed and proposed. The Bondarenko method (Bondarenko, 1964 ) is one of concepts of multi-group 17 cross section libraries which are suited to calculations based on the equivalence principle.
18
In the past, reactor physics researchers and engineers had focused on how to improve the calculation In the present paper, we attempt to improve the calculation accuracy of energy-averaged cross sections The present paper is organized as follows; Sections 2 and 3 describe fundamental theory of the advanced 31 Bondarenko method and actual multi-group library generation based on this method. Section 4 is devoted 32 to investigate performance of multi-group calculations with a multi-group library based on the advanced 33 Bondarenko method. Finally, conclusion of the present study is provided in Section 5. 
Theory of the advanced Bondarenko method

35
There are three specific numerical methods in the advanced Bondarenko method; Bell factor optimization, 36 application and extension of resonance interference factors, and correction factors for current-weighted total 37 cross sections. Fundamental theory of them is described in this section. 
Bell factor optimization
39
The correction factor of Bell, the Bell factor, was proposed to improve the one-term rational approximation for neutron escape probability from a fuel region, P esc (E), as follows:
where a is the Bell factor,l is the mean chord length of the fuel region and Σ should be dependent on nuclides, reaction types and energy ranges.
46
Let us consider an isolated fuel pin cell consisting of a fuel region and a moderator region. Neutron flux energy spectrum in the fuel region, φ F (E), can be represented by the following equation based on the narrow resonance approximation to scattering sources(Stamm'ler and Abbate, 1983):
where Σ F 0 is the potential scattering cross section of the fuel region. If the one-term rational approximation is introduced to the fuel escape probability representation, the neutron flux energy spectrum can be approximately written as follows:
where N i and σ i t (E) are number density and microscopic total cross section of nuclide i, and σ 0 is the background cross section without heterogeneous correction. The background cross section is defined as
Note that nuclides except the nuclide i are considered non-resonant. Optimum Bell factor which reproduces 47 energy-averaged cross section of group g can be defined to preserve the following equation: 
64
In the original R-factor method, the target nuclide is prefixed: uranium-238 is a target nuclide for all the resonant nuclides except uranium-238 itself, and plutonium-239 is a target nuclide for uranium-238. In the present study, we extend the R-factor method such that the target nuclide with which resonance interference effect is considered is dependent on nuclide and energy group. Furthermore, for cases where the resonance interference effects with several different nuclides are important, we newly devise the following multiple resonance interference treatment method. In such a case, the energy-averaged cross section of group g, σ g , is calculated as 
72
This collapsing error in a coarse group calculation is caused by a fact that fine-group total cross sections are 73 collapsed using scalar neutron flux as a weight function(Takeda and Kitada, 2002).
74
The collision term of the one-dimensional neutron transport equation in the continuous energy representation is written as Σ t (x, E)ψ(x, E, µ), where ψ(x, E, µ) is angular neutron flux directed to cos −1 µ at spatial position x and energy E. Since energy-averaged cross sections are defined so as to reproduce energyintegrated reaction rate, energy-averaged total cross sections should be dependent on µ. This treatment, however, makes multi-group neutron transport equation much more complicated, so the angular neutron flux is expanded by the Legendre polynomials and Legendre moment-dependent multi-group total cross sections are defined. In this case, the collision term in the multi-group representation is written as
where P l (µ) is the lth Legendre polynomial and φ l g is the lth Legendre moment of the gth group angular neutron flux. The Legendre moment-dependent multi-group cross sections are defined as
where φ l (x, E) is the lth Legendre moment of ψ(x, E, µ). This representation for the multi-group collision term shown in Eq. (7) is not suited to the usual numerical solvers for neutron transport, so this is modified
whereΣ t,g is the collision cross section and can be arbitrarily chosen. The first term of the right hand side of Eq. (9) is the collision term and the second term is treated in the scattering source term; the gth group self-scattering cross section of the lth Legendre moment is modified tô ) is used as the collision cross sectionΣ t,g (x), the transport cross section Σ tr,g (x), which is frequently used in neutron transport calculations, is defined as
This suggests that the first Legendre moment-weighted (current-weighted) total cross section should be used 75 in the transport cross section definition. In the advanced Bondarenko method, we propose to use correction 76 factors to calculate current-weighted total cross sections.
77
Neutron flux energy spectrum of a fuel region in a heterogeneous lattice system can be well approximated by the same representation as the homogeneous system in the equivalence principle, but there has been no theoretical representations for neutron current energy spectrum in a heterogeneous system. In some cases such as fast neutron reactors analyses, neutron current is approximated by the following equation: in Table 1 .
94
In the present study, we generate a 107-group CBZLIB from the evaluated nuclear data file JENDL- Table 3 . In the following, we refer to the 111 PWR(BWR) cell whose ID is n as PWR-n(BWR-n). 
Calculations of optimum Bell factors
113
As described in the previous section, optimum Bell factors are determined so as to preserve Eq. (5). In 114 the present study, energy integration is conducted numerically with a probability table, which is generated cross sections for uranium-238 small and promotes the resonance self-shielding effect, so it is expected that 137 energy-averaged uranium-238 capture cross sections become small in these energy groups. important resonance interference is treated here to avoid increase of computational burden.
144
The resonance interference factors are introduced to the following important heavy nuclides; uranium-235,
145
-238, plutonium-239, -240, -241, -242 and americium-241. Target nuclides with which resonance interference 146 is taken into account are listed in 
166
Numerical results suggest that treatment for uranium-238 microscopic total cross sections are important.
167
Averaged ratios of uranium-238 CW microscopic total cross sections to FW cross sections over all the PWR this energy group is relatively small in comparison with those in other energy groups as shown in Fig. 11 .
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Except for this energy group, energy-averaged uranium-238 capture cross sections are reproduced within 6% 207 differences to the reference Monte Carlo solutions. Shibata, K., Iwamoto, O., Nakagawa, T., Iwamoto, N., Ichihara, A., Kunieda, S., Chiba, S., Furutaka, K., Otuka, N., Ohsawa,
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